The nonselective human corticotropinreleasing factor receptor 1 (hCRF-R1) and the ligand-selective Xenopus CRF-R1 (xCRF-R1) were compared. To understand the interactions of sauvagine and ovine CRF, both highaffinity ligands for hCRF-R1 but surprisingly weak ligands for xCRF-R1, chimeric receptors of hCRF-R1 and xCRF- When only two of these three amino acids were mutated, no effect on the ligand selectivity was observed. On the basis of these data, it is suggested that amino acids 70-89 of CRF-R1 are important for the ligand binding site.
Corticotropin-releasing factor (CRF), a 41-amino acid peptide (1) originally isolated by its ability to regulate the secretion of adrenocorticotropic hormone in the anterior pituitary (2) , is the main mediator of the stress response (3, 4) . Two CRF receptor (CRF-R) subtypes, both belonging to the superfamily of G protein-coupled receptors (GPCR), have been identified in vertebrate species. cDNAs encoding CRF-Rs type 1 (CRF-R1) and type 2 (CRF-R2) have been isolated from various species including human (5-7), rat (8) (9) (10) , mouse (6, (11) (12) (13) , and chicken (14) .
The ligand-binding domains of GPCRs that bind small molecules such as catecholamines (15, 16) or acetylcholine (17) are well characterized and were mapped to the transmembrane domains. Additionally, for GPCRs that are activated by small peptides such as vasotocin (18) , substance P (19) (20) (21) , or somatostatin-14 (22) , the ligand binding pocket has been mapped to the transmembrane regions (TMs) and the extracellular loops between TM2 and TM7. For receptors that are activated by larger peptides such as secretin or vasoactive intestinal polypeptide, it has been demonstrated that the first extracellular domain (EC) is involved in the high-affinity ligand binding (23) .
Mammalian CRF-R1 in contrast to mammalian CRF-R2 has been reported to be nonselective for CRF from different species and the structurally related CRF analogs urocortin (24, 25) , urotensin I (26) , and sauvagine (27) . All of these peptides were bound with the same affinity and were able to stimulate intracellular cAMP accumulation with similar potency (7, 10, 11, 14, 24, 25) . Recently, we have isolated CRF-R1 from the amphibian species Xenopus laevis (28) that was highly ligandselective, despite its high degree of identity (Ͼ80%) on amino acid level to human CRF-R1 (hCRF-R1). The CRF analogs human͞rat CRF (h͞rCRF), Xenopus CRF (xCRF; ref. 29) , urotensin I, and urocortin were bound by xCRF-R1 with higher affinity than the structurally related analogs ovine CRF (oCRF) and sauvagine. The regions responsible for the remarkable ligand selectivity of xCRF-R1 may play an important role in ligand binding and activation of the CRF-R. Therefore, it is of high importance to identify these different residues to understand the interaction of the CRF ligands with their receptors.
To map the domain involved in the ligand selectivity of xCRF-R1, we constructed a series of chimeric receptors in which various parts of the N termini of both receptors were replaced by the corresponding domains of their counterparts. The ligand-selective residues of xCRF-R1 were determined by double or multiple amino acid mutations.
MATERIALS AND METHODS
Materials, Peptides, and Reagents. All cell culture reagents were purchased from GIBCO͞BRL, and aprotinin was obtained from Boehringer Mannheim. CRF analogs were synthesized by solid-phase methods as described (30) . The purity was greater than 98%.
Construction of Chimeric Receptors, Mutagenesis, and Nomenclature. Chimeric receptors were constructed from hCRF-R1 or xCRF-R1 cDNA, inserted in the pcDNA3 vector (Invitrogen) at restriction enzyme sites generated by PCR with Pfu DNA polymerase (Stratagene). For the generation of multiple amino acid substitutions the Exsite kit (Stratagene) was used, whereas double amino acid exchanges were accomplished with the QuickChange kit (Stratagene). Sequences from PCR or synthetic oligonucleotides were verified by DNA sequencing with an Applied Biosystems model 373 DNA sequencer; the GCG software package was used for analysis. In chimeric receptors such as h1(1-123)x1(124-415), the origin of the N-terminal residues are named first, whereas the origin of the remaining receptor parts are listed last. In mutated receptors such as h1x1(H 88 ,L which the mutagenesis was performed is indicated and then the name of the receptor from which the mutagenized residues were selected is indicated; the residues that replaced the original amino acids (in this case amino acids 88 and 89 of xCRF-R1) are in parentheses in the single-letter amino acid code.
Radioreceptor Binding Assays. Isolation of membranes from permanently transfected HEK 293 cells expressing xCRF-R1, hCRF-R1, chimeric, or mutant receptors and Scatchard analysis were performed with 50-100 g of protein as described (28) . The B max values for all chimeric and mutant receptors when tested with the three CRF analogs did not differ significantly from each other (2.4 Ϯ 0.4 pmol͞mg of membrane protein).
cAMP Assay. HEK 293 cells stably transfected with cDNA coding for xCRF-R1, hCRF-R1, chimeric, or mutant receptors were plated at 10 5 cells per well into 24-well dishes. Stimulation for 30 min (37°C, 5% CO 2 ) with peptides and intracellular cAMP assays were performed as described (28) . Statistical analysis was performed by two-way ANOVA; significant differences between groups were determined by post hoc analysis using the Dunnett test.
RESULTS
Ligand Selectivity of hCRF-R1, xCRF-R1, and Six Chimeric Receptors. cDNAs coding for six chimeric receptors, h1(1-123)x1(124-415), h1(1-92)x1(93-415), h1(1-67)x1(68-415), x1(1-123)h1(124 -415), x1(1-92)h1(93-415), and x1(1-67)h1(68-415), were constructed so that the cDNA sequences coding for the N-terminal parts of either hCRF-R1 or xCRF-R1 were decreased (Fig. 1) . These constructs were stably transfected into HEK 293 cells. The receptors produced h1(1-123)x1(124-415) and h1(1-92)x1(93-415), like hCRF-R1, bound the tested CRF analogs h͞rCRF, oCRF, and sauvagine with similar affinity (Fig. 2 and Table 1 ). The chimeric receptors x1(1-123)h1(124-415), x1(1-92)h1(93-415), and xCRF-R1 displayed ligand selectivities that did not differ significantly from one another. Thus, the entire ligand selectivity of xCRF-R1 was located in its N-terminal domain. However, when only the first 67 N-terminal amino acids of either xCRF-R1 or hCRF-R1 were replaced with the corresponding amino acids of their counterpart, the ligand selectivity of the modified receptors was not affected (Fig. 2 and Table 1 ). h͞rCRF (K d ϭ 2.5 Ϯ 1.0 nM) was bound by h1(1-67)x1(68-415) with ϳ15-fold higher affinity than oCRF
On the other hand, the affinities of x1(1-67)h1(68-415) for h͞rCRF, oCRF, and sauvagine, respectively, did not differ significantly from each other. The ability of the various receptor chimeras to stimulate cAMP production in HEK 293 cells stably transfected with the corresponding cDNAs was tested with the same ligands used in the binding experiments. Ligand preferences similar to those in the binding experiments were observed (Fig. 3 and Table 2 ). Sauvagine was slightly (ϳ2-fold) more potent to stimulate cAMP production in HEK 293 cells stably transfected with hCRF-R1 or h1(1-123)x1(124-415) than h͞rCRF or oCRF. Stimulation of cAMP accumulation in HEK 293 cells stably transfected with h1(1-92)x1(93-415) or x1(1-67)h1(68-415) resulted in similar dose-response curves for the tested CRF analogs that were without significant differences. The potency of h͞rCRF to stimulate cAMP production in cells stably transfected with the chimeric receptors x1(1-123)h1(124-415), x1(1-92)h1(93-415), and h1(1-67)x1(68-415) was significantly higher than the potency of oCRF or sauvagine (Table 2) . h͞rCRF was 25-to 30-fold more potent than sauvagine. Thus, it was concluded that the ligand selective domain of xCRF-R1 resided between amino acids 68 and 92.
Mapping of the Amino Acids Involved in the Ligand Selectivity of xCRF-R1 by Point Mutations. To further map the amino acids for ligand selectivity of xCRF-R1, double and multiple point mutations were created between residues 68 and 92.
Substitution of five amino acids in xCRF-R1 with the corresponding residues of hCRF-R1, Arg ). Although h͞rCRF was bound with higher af-
, the effect was smaller than with xCRF-R1.
Replacement of amino acids 76, 81, and 83 in hCRF-R1 with the corresponding residues of xCRF-R1 had a strong effect on the ligand selectivity of the mutant receptor molecule. ) mutants, respectively, bound the tested CRF analogs with similar selectivity (Table 3) .
When stimulation of cAMP production in HEK 293 cells stably transfected with cDNAs coding for the various mutant receptors was performed ( ), resulted in a strong discrimination among the CRF analogs used in this study. Stimulation of HEK 293 cells stably transfected with cDNA coding for this receptor mutant with h͞rCRF resulted in cAMP production at low agonist concentrations (EC 50 ϭ 0.9 Ϯ 0.2 nM), whereas oCRF (EC 50 ϭ 8.3 Ϯ 1.0 nM) and sauvagine (EC 50 ϭ 10.1 Ϯ 0.7 nM) activated the receptor at significantly higher peptide concentrations (Table  4) 
DISCUSSION
Chimeric receptors have been successfully used to map regions involved in the agonist͞antagonist binding of several GPCRs (18, 21, 23, 31, 32) .
We used this approach followed by generation of point mutations, in the current study, to identify regions that are involved in the remarkable ligand selectivity of xCRF-R1. This receptor weakly bound sauvagine, a potent ligand for all CRF-Rs known to date. Binding studies and cAMP assays were used to monitor the affinities and potencies of various chimeric and mutant receptors. Because xCRF-R1 had a 10-to 20-fold higher binding affinity for h͞rCRF compared with oCRF and sauvagine, respectively (28), we tested these three CRF analogs to identify the ligand-selective domain of xCRF-R1.
Both xCRF-R1 and hCRF-R1 were found to be highly homologous on amino acid level with an overall identity of ϳ80%. The highest sequence homology was found in the intracellular loops (96% identity) and the transmembrane regions (89% identity), whereas the ECs were only 66% identical (28) . The lowest degree of identity in ECs was observed in the N-terminal domain EC1, which was conserved by only 57% between xCRF-R1 and hCRF-R1. The other ECs showed a much higher degree of sequence conservation with 71% identity in EC2, 91% identity in EC3, and 88% identity in EC4. Thus, it was expected that EC1 was strongly involved in the ligand selectivity of xCRF-R1. Binding assays and cAMP studies supported this hypothesis. x1(1-123)h1(124-415) displayed the same ligand selectivity as xCRF-R1. Thus, we concluded that the ligand selectivity of xCRF-R1 resided in its N-terminal domain. Sequence comparison of the EC1 domain in hCRF-R1 and xCRF-R1 showed that most of the divergence between both receptors was found in the first 67 residues, which were only 51% identical, whereas the middle part of EC1 (residues 68-92) and the part close to TM1 (residues 93-121) were 68% and 62% identical, respectively.
Surprisingly, as shown in Results, neither amino acid residues 1-67 nor residues 93-121, the most diverging regions in EC1, influenced the ligand selectivity of xCRF-R1. The chimeric receptor x1(1-92)h1(93-415) retained almost completely the ligand selectivity of xCRF-R1. Further shortening of the EC1 domain (amino acids 1-67) had no influence on the ligand selectivity of the constructed receptors chimeras. Thus, we concluded that the ligand-selective region of xCRF-R1 was located between residues 68 and 92.
To further support this finding, point mutations were introduced into hCRF-R1 and xCRF-R1. Eight of 25 amino acids were found to diverge between xCRF-R1 and hCRF-R1 within this domain. , and Ala 89 ; refs. 5, 6, and 14). Thus, it was expected that the ligand selectivity of xCRF-R1 was determined by these residues. With the exception of His 74 , the other residues were taken into consideration when point mutations were introduced into hCRF-R1 and xCRF-R1, respectively. As shown in Results, mutation of amino acids 76, 81, 83, 88, and 89 of hCRF-R1 to the xCRF-R1 sequence created a CRF-R with ligand selectivity that was nearly identical to that of xCRF-R1. Conversely, replacement of the residues described above in xCRF-R1 with the corresponding amino acids of hCRF-R1 almost completely abolished the ligand discrimination of the resulting mutant receptor. When residues Leu on the ligand selectivity was observed (see Results). Consistently, replacement of these amino acids in xCRF-R1 with the corresponding amino acids of hCRF-R1 resulted in a ϳ3-fold drop of the ligand selectivity. Single point mutations of residues 88 or 89 had no effect on the selectivity of the mutant receptors (data not shown). It was concluded that both residues contribute to the ligand-selective site of xCRF-R1. In contrast to the minor effects of amino acids 88 and 89, mutagenesis of residues 76, 81, and 83, respectively, to the xCRF-R1 sequence (Gln ), although both peptides displayed similarly low affinity in the binding experiments. The differences observed in our study might be because of a longer half-life of intact oCRF as observed in earlier studies (33) . Furthermore, the activation of a small population of receptor molecules can result in a maximal cAMP response in a transfection system used herein. Therefore, small differences in the affinities of the peptides can result in larger differences in their potencies to activate the second messenger cascade. Therefore, we believe that the differences in the binding affinities of the various CRF analogs are a stronger indication for their potencies in a natural system with fewer receptors. In addition cAMP stimulations were carried out at 37°C, whereas the binding assays were performed at room temperature. Because Xenopus laevis is normally maintained at room temperature, it cannot be completely excluded that at 37°C ligand receptor interactions may have been enhanced by receptor folding. However, it is very unlikely that the data presented in this study are caused by an artifact because the differences in the affinities of xCRF-R1 to the ligands shown in Results and in our previous publication (28) were observed in the binding experiments and with small variations in the stimulation of cAMP production. Furthermore, the mutation of five amino acids in hCRF-R1 to the corresponding residues of xCRF-R1 created a ligand-selective hCRF-R that is expected to be fully active at 37°C.
The data presented herein contrast with the findings of Liaw et al. (34) , who mapped the ligand selectivity of hCRF-R2, a receptor binding sauvagine with higher affinity than h͞rCRF. The amino acids involved in the ligand selectivity of hCRF-R2 were mapped to three regions of its EC2 and EC3 domains ( in xCRF-R1) were two amino acid differences between both type 1 receptors identified, but the two different residues were not conserved in hCRF-R2. Furthermore, Liaw et al. (34) did not show that the replacement of the ligand-selective domains of hCRF-R2 with the corresponding regions of hCRF-R1 created a nonselective CRF-R. Therefore, the involvement of the above mentioned regions in the ligand recognition of CRF-R1 remains unclear at this time. Because mammalian CRF-R1 is a nonselective receptor (7, 10, 11, 14, 24, 25, 28) , it seems likely that modifications in the EC1 domain might have resulted in the loss of the ligand selectivity of CRF-R1 during evolution. The importance of the entire EC1 domain in high-affinity ligand binding of amphibian and mammalian CRF-R1 is further supported by the finding that chimeric receptors in which the EC1 domain of rat growth hormone-releasing factor receptor was substituted with the EC1 domain of rat CRF-R1 still bound CRF analogs with high affinity (35) . Similar data were obtained for other peptide receptors including the receptors for pituitary adenylate cyclase activating peptide, vasoactive intestinal polypeptide, or secretin (23, 36) . Therefore it seems likely that the amino acids responsible for the ligand selectivity of xCRF-R1 represent a critical part of the binding pocket of CRF-R1.
Because it can be expected that different parts of the ECs in CRF-Rs are involved in the high-affinity ligand binding, it is conceivable that the region we have mapped is an important part of the CRF binding pocket. Interestingly, the identity of residues 68-92 of EC1 in all CRF-Rs known to date is 64%, the highest sequence identity score within the EC1 domain. This high degree of sequence conservation within the CRF-R family (5-11, 13, 14, 28) contrasts with a relatively low degree (28-32%) of sequence identity of CRF-R(68-92) with other closely related receptors such as rat growth-hormone releasing factor receptor (31), secretin receptor (32), or vasoactive intestinal polypeptide receptor (37, 38) . Thus, the importance of this region for the substrate specificity of CRF-R1 has been demonstrated.
In conclusion, we have identified a region within the EC1 domain of xCRF-R1 that transduces the remarkable ligand selectivity of this CRF-R and gives insights in the receptorligand interactions of CRF-Rs.
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